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Quantum decoherence and the transition to semiclassical behavior during inflation have been extensively
considered in the literature. In this paper, we use a simple model to analyze the same process in ekpyrosis.
Our result is that the quantum to classical transition would not happen during an ekpyrotic phase even for
superhorizon modes, and therefore the fluctuations cannot be interpreted as classical. This implies the
prediction of a scale-free power spectrum in an ekpyrotic/cyclic universe model requires more inspection.
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I. INTRODUCTION
From cosmological observations we know that the current
Universe is to a good approximation flat, homogeneous,
and isotropic on large scales [1,2]. It is well known that in
standard big bang cosmology this requires an enormous
amount of fine-tuning on the initial conditions. Two mecha-
nisms are provided to be possible explanations. The first is
inflation [3,4], a period of accelerated expansion occurring
between the big bang and nucleosynthesis. The second is
ekpyrosis [5–9], a period of ultraslow contraction before
the big bang/big crunch to an expanding phase. Bothmecha-
nisms not only manage to address the standard cosmological
puzzles but also have the ability to imprint scale-invariant
inhomogeneities on superhorizon scales via a causal mecha-
nism [3,5,10–14]. These inhomogeneities are thought to
provide the seeds which later become the temperature an-
isotropies in the cosmic microwave background and the
large-scale structure in the Universe. This framework of the
cosmological perturbation theory is based on the quantum
mechanics of scalar fields, where the relevant observable is
the amplitude of the field’s Fourier modes [15]. Although
they originate as quantummechanical variables, these ampli-
tudes eventually imprint classical stochastic fluctuations
on the density field, characterized by the power spectrum.
This interpretation proves to be very accurate in the cosmic
microwave background and large-scale structure analyses.
However, in order to make this stochastic interpretation
consistent, the density matrix has to be diagonal in the
amplitude basis. This criterion implies that interference
terms in the density matrix are highly suppressed and can
be neglected [16,17]. Interference is associated with the
coherence of the system, i.e., the coherence in the state
between different points of configuration space [18,19].
A measure of this is the coherence length which gives the
configuration distance over which off-diagonal terms are
correlated [20].
An isolated system described by the Schro¨dinger equa-
tion cannot lose its coherence; a pure state always remains
pure. However, if it is coarse grained, it may evolve from a
pure to a mixed state. One way to realize coarse graining
is to let the system interact with an environment [18].
The environment consists of all fields whose evolution
we are not interested in. The state of the system is obtained
by tracing over all possible states of the environment. Now,
even if the state describing system plus environment is
pure, the state of the system alone will in general be mixed.
In the literature, there are various arguments and calcu-
lations suggesting that a form of such environment deco-
herence can indeed occur for inflationary perturbations
[20–30]. The coherence length decreases exponentially
for wavelengths greater than Hubble radius. Thus pertur-
bations become classical once their wavelength exceeds
the Hubble radius. All of these results lend support to the
usual heuristic derivation of the spectrum of density per-
turbations in inflationary models. In this paper, we use a
simple model to study whether decoherence can also
occur in the ekpyrotic phase. We find that the coherence
lengths continue increasing even for the modes outside the
horizon. Finally, we strengthen our conclusion by consid-
ering a different kind of mechanism, quantum to semiclas-
sical transition without decoherence [31]. We show that the
result is the same. The quantum to classical transition
would not happen during ekpyrosis. Therefore, the heuris-
tic argument that the modes become classical when they
leave the horizon is invalid in the ekpyrotic phase and
requires more careful inspection.
II. THE MODEL
A crucial question is how to model the environment. Any
realistic model will be very complicated and hard to analyze.
However, the basic physics should emerge from the simplest
models. Hence, we choose a model [20] which can be solved
exactly: the system is a real massless scalar field 1, and
the environment is taken to be a second massless real
scalar field 2 interacting with 1 through their gradients.
The action of system and environment is
S ¼
Z
d4xL
¼
Z
d4x
ﬃﬃﬃﬃﬃﬃﬃgp 1
2
ð@1@1  @2@2
 2c@1@2Þ; (1)
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where g is the determinant of the background metric which
is given by
ds2 ¼ a2ðÞðd2 þ dx2Þ (2)
and c 1 is the coupling constant describing the inter-
action between two fields. Note that this Lagrangian is
quadratic in the derivative of the fields and can hence be
diagonalized for which the interaction term disappears
and the whole Lagrangian becomes a free field theory. If
there is no other field or interaction in our Universe, this
argument is true. However, we suppose there is a hidden
interaction such that we can only observe the first field
1 but not the environment2. In other words, we assume
the environment and the observed system do not form the
diagonal basis. This assumption is reasonable since any
observed scalar fields (whose reduced density matrix
we want) will interact with gravitational perturbations
(which are a part of the environment).
Then, the canonical momenta i conjugate to the fields
i, i ¼ 1, 2 are
1 ¼ @L
@ _1
¼ a2ð _1 þ c _2Þ; (3)
2 ¼ @L
@ _2
¼ a2ð _2 þ c _1Þ; (4)
where ‘‘’’ denotes the derivative with respect to . This
allows us to write the Hamiltonian H as
H ¼
Z
d3xði _i LÞ
¼
Z
d3x

1
2a2ð1 c2Þ ð
2
1 þ 22  2c12Þ
þ a
2
2
½ðr1Þ2 þ ðr2Þ2 þ 2cðr1Þ  ðr2Þ

: (5)
To study decoherence, it is more convenient to use the
functional Schro¨dinger picture [32]. The commutation
relation ½iðxÞ; jðyÞ ¼ iij3ðx yÞ is equivalent to
making the replacement iðxÞ ! i iðxÞ . The wave
functional ½1; 2 obeys the Schro¨dinger equation
i
@
@
 ¼ H^: (6)
We make a Gaussian ansatz for  to be able to find the
vacuum or ground state solution:
½1; 2 ¼N exp
"
 1
2
Z
d3xd3yð1ðxÞ1ðyÞ
þ2ðxÞ2ðyÞÞAðx; y; Þ
þ 21ðxÞ2ðyÞBðx; y; Þ
#
: (7)
Note that we have already used the 1 $ 2 symmetry
of the Lagrangian. Furthermore, because of the x$ y
symmetry of the above integration, we have to require
Aðx; y; Þ ¼ Aðy;x; Þ; (8)
Bðx; y; Þ ¼ Bðy;x; Þ: (9)
Plug Eq. (7) into Schro¨dinger equation (6), and it is not
difficult to get
i
2
@Aðx;y;Þ
@
¼
Z
d3z
1
2a2ð1c2Þ½Aðx;z;ÞAðy;z;Þ
þBðx;z;ÞBðy;z;Þ2cAðx;z;ÞBðy;z;Þ
þa
2
2
r2y3ðxyÞ; (10)
i
2
@Aðx;y;Þ
@
¼
Z
d3z
1
2a2ð1c2Þ½Bðx;z;ÞBðy;z;Þ
þAðx;z;ÞAðy;z;Þ2cBðx;z;ÞAðy;z;Þ
þa
2
2
r2y3ðxyÞ; (11)
i
2
@Bðx; y; Þ
@
¼
Z
d3z
1
2a2ð1 c2Þ ½2Aðx; z; ÞBðy; z; Þ
þ 2Bðx; z; ÞAðy; z; Þ
 2cAðx; z; ÞAðy; z; Þ
 2cBðx; z; ÞBðy; z; Þ
þ a
2
2
 2cr2y3ðx yÞ; (12)
i
@ lnN
@
¼ 1
2a2ð1 c2Þ
Z
d3z½2Aðz; z; Þ  2Bðz; z; Þ:
(13)
All the above equations come from the comparison of
the coefficients in front of iðxÞjðyÞ. It is easy to see
that Eqs. (10) and (11) are equivalent, which is just
the result of the symmetry of 1 and 2. In order to
satisfy Eqs. (10)–(12), we have to require Bðx; y; Þ ¼
cAðx; y; Þ, which gives
½1; 2 ¼N exp
(
 1
2
Z
d3xd3y½1ðxÞ1ðyÞ
þ2ðxÞ2ðyÞ þ 2c1ðxÞ2ðyÞAðx; y; Þ
)
;
(14)
i
@ lnN
@
¼ 1
a2
Z
d3zAðz; z; Þ; (15)
i
@Aðx;y;Þ
@
¼ 1
a2
Z
d3zAðx;z;ÞAðy;z;Þ
þa2r2y3ðxyÞ: (16)
It is more convenient to solve Eq. (16) in momentum space.
Upon writing
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iðxÞ ¼
Z d3k
ð2Þ3iðkÞe
ikx; (17)
Aðx; y; Þ ¼
Z d3k
ð2Þ3 Aðk; Þe
ikðxyÞ; (18)
we get
i
@Aðk; Þ
@
¼ 1
a2
A2ðk; Þ  a2k2: (19)
Here we have already used the relation Aðk; Þ ¼
Aðk; Þ coming from Eq. (8). Note that Aðk; Þ is only a
function of jkj, so we will write it as AkðÞ from now on.
This differential equation can be easily solved by assuming
AkðÞ ¼ ia2ðÞ

_ukðÞ
ukðÞ 
_aðÞ
aðÞ

: (20)
Then Eq. (19) becomes
€uk þ

k2  €a
a

uk ¼ 0: (21)
The wave functional can also be expressed in momentum
space,
½1;2¼N exp

1
2
Z d3k
ð2Þ3 ½

1ðkÞ1ðkÞ
þ2ðkÞ2ðkÞþc1ðkÞ2ðkÞ
þc2ðkÞ1ðkÞAkðÞ

Y
k
k; (22)
where
k ¼N k exp
(
 1
2
½1ðkÞ1ðkÞ þ2ðkÞ2ðkÞ
þ c1ðkÞ2ðkÞ þ c2ðkÞ1ðkÞAkðÞ
)
(23)
and iðkÞ ¼ i ðkÞ for the real scalar field. Because
there is no coupling between modes with different k,
we will only consider a single wavelength and drop the
index k for convenience from now on.
III. THE DENSITY MATRIX AND
THE COHERENCE LENGTH
We now have the wave functional for all modes with
single wavelength k. The next step is to calculate the
reduced density matrix for 1 by tracing out 2:
ð1; 1;Þ ¼
Z
d2d

2

kð1; 2; Þkð 1; 2; Þ
(24)
¼jN kj2
Z
d2d

2 exp
"
1
2
ð11þ22þc12
þc21ÞA
1
2
ð 1 1þ22þc 12þc2 1ÞA
#
:
(25)
This can be computed from the Gaussian integral:
ð1; 1;Þ ¼ 4Aþ A jN kj
2 expðRþ iIÞ; (26)
where
R¼AþA

4
ðj1j2þj 1j2Þþ c
2
8ðAþAÞ½ðAþA
Þ2
½ðj1j2þj 1j2þ1 1þ1 1Þ
þðA AÞ2ðj1j2þj 1j21 11 1Þ; (27)
iI ¼ ð1 c2ÞA
  A
4
ðj1j2  j 1j2Þ: (28)
To determine the coherence length of the reduced density
matrix, it is convenient to introduce the new variables:
  1
2
ð1 þ 1Þ; (29)
  1
2
ð1  1Þ: (30)
In terms of these variables, the reduced density matrix (26)
becomes
ð1; 1;Þ ¼ 4Aþ A jN kj
2 exp


jj2
2
þ jj
2
l2c
þ 	ð þ Þ

: (31)
Because 	 ¼ 1c22 ðA  AÞ is purely imaginary, the
third term in the exponential just gives a complex phase.
The first term gives the dispersion of the system, the
dispersion coefficient  being
 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
ð1 c2ÞðAþ AÞ
s
: (32)
The second term describes how fast the density matrix
decays when considering the off-diagonal terms. Hence,
lc is called the coherence length and is given by
lc ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
ðAþ AÞ
h
1 c2

AA
AþA
	
2
ivuut : (33)
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IV. DECOHERENCE IN THE USUAL
INFLATION MODEL
For usual inflation, aðtÞ¼eHt, which is equivalent to
aðÞ¼ 1H. Here, H is the Hubble constant. Equation (21)
then tells us
ukðÞ ¼ c1 e
ikﬃﬃﬃﬃﬃ
2k
p

1 i
k

þ c2 e
ikﬃﬃﬃﬃﬃ
2k
p

1þ i
k

: (34)
Considering the wave functional (23), we have to require a
positive real part of A for obvious reasons. Therefore, we
choose c1 ¼ 0 and
AkðÞ ¼ k
H22
1
1þ ik
: (35)
Then, Eq. (33) gives us the coherence length:1
lc ¼ Hð1þ k
22Þ1=2
k3=2

1þ c2
k22
	
1=2
: (36)
We see that if no interaction is present ðc ¼ 0Þ, the coher-
ence length approaches a constant value. Adding even a
small interaction will reduce it to zero (see Fig. 1).
Besides, the coherence length starts to decrease exponen-
tially when the wavelength crosses the Hubble radius,
which justifies our heuristic derivation in cosmological
perturbation theory.
V. DECOHERENCE IN POWER LAW
INFLATION AND EKPYROTIC PHASE
The scale factor behaviors of power law inflation and
ekpyrosis are very similar so we consider them at the same
time. We list some properties of their scale factors in
Table I. Because both the power law inflation and
ekpyrosis have the same €aa , they share the same solution
of uk. The differential equation of (21) can be solved
exactly by
uk ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃkp ½c1Hð1Þ
 ðkÞ þ c2Hð2Þ
 ðkÞ; (37)
where Hð1;2Þ
 are Hankel functions, and we have defined

 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
€a
a
2 þ 1
4
s
¼








 1 3p2ð1 pÞ








: (38)
As before, we want AkðÞ to have a positive real part, so we
take c1 ¼ 0, and Eq. (20) tells us
AkðÞ ¼ ia2ðÞ

1 3p
2ð1 pÞ
1

 k
2
Hð2Þ
1ðkÞ Hð2Þ
þ1ðkÞ
Hð2Þ
 ðkÞ

: (39)
Notice that they are the same for both power law inflation
and ekpyrotic phase except p 1 for the former
and p 1 for the latter. We can then use Eq. (33) to
calculate the coherence length for both cases. The numeri-
cal solutions are plotted in Figs. 2 and 3.
In order to get the behavior of the coherence length lc
when the modes are well outside the Hubble radius, we
need the asymptotic form of the Hankel function as x! 0:
Hð2Þ
 ðxÞ !

1
ð
þ 1Þ

x
2


  1
ð
þ 2Þ

x
2


þ2
þ i

ð
Þ


x
2

 þ ð
 1Þ


x
2

2

; (40)
where 
> 0 and ð
Þ is the Euler gamma function. After
some manipulation of algebra, we have
1.4 1.2 1.0 0.8 0.6 0.4 0.2 0.0
k
0.5
1.0
1.5
2.0
2.5
3.0
lC
FIG. 1 (color online). The relation of coherence length and the
conformal time for usual inflation. The horizontal axis is k and
the vertical axis is normalized coherence length. The upper (red)
line corresponds to no interaction, and the lower (blue) line
corresponds to c ¼ 0:15. If there is an interaction, the coherence
length starts decreasing and eventually becomes zero for the
superhorizon modes.
TABLE I. Comparison of power law inflation and ekpyrosis.
Power law inflation Ekpyrotic phase
Range of t 0 	 t 	 1 1 	 t 	 0
aðtÞ tp ðtÞp
p p 1 p 1
Range of  1 	  	 0 1 	  	 0
aðÞ ½ð1 pÞp=ð1pÞ ½ð1 pÞp=ð1pÞ
_a
a
p
ð1pÞ
1

p
ð1pÞ
1

€a
a
pð2p1Þ
ð1pÞ2
1
2
pð2p1Þ
ð1pÞ2
1
2
1We recover the results in Ref. [20] after accounting for some
typos in that paper.
CHIEN-YAO TSENG PHYSICAL REVIEW D 87, 023518 (2013)
023518-4
AkðÞ 

8><
>:
212
j1 pj12
k2

h

ð
Þ2 þ i 1
1
k
2
	
22
i
; if 
> 12
212
j1 pj12
k2

h

ð
Þ2 þ i 
2
2
ð
Þ4
k
2
	
2

i
; if 
< 12
(41)
as k 1.
For power law inflation, p 1, we have 
 ¼
3
2þ 1p1 ¼ 32þ , 0<  1. Therefore,
lc 
 l0
2
4 1
1þ c2 ð
Þ4ð
1Þ22
k
2
	24
3
512; (42)
where
l20 ¼ j2ð1 pÞj2þ2k32
ð
Þ2

: (43)
From Eq. (42), it is obvious that if no interaction is
present, the coherence length approaches a constant value
l0. However, even a small interaction will reduce the
coherence length to zero just like what happened in the
usual inflationary case.
As for the ekpyrotic phase, p 1, and 
 ¼ 12 p1p ¼
1
2 , 0<  1. Using Eq. (41), it is not difficult to get
lc 
 l0
2
4 1
1þ c2 2
4
2ð
Þ4
k
2
	
24
3
512: (44)
This means the coherence length approaches a nonzero
constant value no matter whether the interaction is present
or not, in agreement with our numerical results in Fig. 3.
VI. QUANTUM TO SEMICLASSICALTRANSITION
WITHOUT DECOHERENCE
Even though we showed that the decoherence
phenomenon would not happen during the ekpyrotic
phase, it is still possible that the prediction of observation
remains unchanged. In Ref. [31], D. Polarski and
A. A. Starobinsky prove that the quantum perturbations
are indistinguishable from the perturbations of a classical
stochastic system if the quantum state is extremely
squeezed, namely, the squeezing parameter jkj  1.
Note that this mechanism is not the same as the usual
decoherence because this kind of quantum to classical
transition has nothing to do with possible interactions
with environment: it is only an effect of the spacetime
dynamics. In the following, we would like to show
whether this kind of quantum to semiclassical transition
can happen during ekpyrosis. Let us consider a real mass-
less scalar field :
S ¼
Z
d4xL ¼  1
2
Z
d4x
ﬃﬃﬃﬃﬃﬃﬃgp @@ (45)
with the background metric
ds2 ¼ a2ðÞðd2 þ dx2Þ: (46)
We can then write down the classical Hamiltonian H in
terms of the field y  a,
1.4 1.2 1.0 0.8 0.6 0.4 0.2
kΗ
0.90
0.92
0.94
0.96
0.98
1.00
lC
FIG. 3 (color online). The relation of coherence length and
the conformal time for ekpyrosis with p ¼ 0:1. The upper (red)
line corresponds to no interaction, and the lower (blue) line
corresponds to c ¼ 0:15. It is clear that even the modes go
outside the horizon; the coherence length continues growing
and approaches to a nonzero constant in the end.
1.4 1.2 1.0 0.8 0.6 0.4 0.2 0.0
k
0.5
1.0
1.5
2.0
lC
FIG. 2 (color online). The relation of coherence length and
the conformal time for power law inflation. We choose p ¼ 10
in this plot. The upper (red) line corresponds to no interaction,
and the lower (blue) line corresponds to c ¼ 0:15.
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H ¼ 1
2
Z
d3k

pðkÞpðkÞ þ k2yðkÞyðkÞ þ _a
a
ðyðkÞpðkÞ
þ pðkÞyðkÞÞ

; (47)
where
p  @Lðy; _yÞ
@ _y
¼ _y _a
a
y (48)
and ‘‘’’ stands for the derivative with respect to the
conformal time. From Ref. [31], we know a classical
stochastic system can be described by an equation of
motion and an initial distribution of probability in phase
space. That is,
yðkÞ ¼ ﬃﬃﬃﬃﬃ2kp fk1ðÞyðk; 0Þ 
ﬃﬃﬃ
2
k
s
fk2ðÞpðk; 0Þ;
pðkÞ ¼
ﬃﬃﬃ
2
k
s
gk1ðÞpðk; 0Þ þ
ﬃﬃﬃﬃﬃ
2k
p
gk2ðÞyðk; 0Þ;
(49)
where
€fkðÞ þ

k2  €a
a

fkðÞ ¼ 0;
€gkðÞ þ

k2 
€ð1aÞ
ð1aÞ

gkðÞ ¼ 0;
(50)
with fk1 ¼ ReðfkÞ, fk2 ¼ ImðfkÞ, gk1 ¼ ReðgkÞ, and
gk2 ¼ ImðgkÞ. On scales much smaller than the horizon,
the curvature of the spacetime is negligible so we can
impose the boundary conditions corresponding to the
Minkowski vacuum:
fkðÞ ! 1ﬃﬃﬃﬃﬃ
2k
p eik; gkðÞ !
ﬃﬃﬃ
k
2
s
eik; (51)
as k! 1. We see from Ref. [31] that semiclassicality
is implied if the following condition is satisfied:
jFðkÞj  jImðfkgkÞj  1: (52)
It is clear that this requires the quantum state to be
extremely squeezed, namely, jkj  1, where
k ¼ 1
2jfkj2
 i FðkÞjfkj2
: (53)
For usual inflation, aðÞ ¼  1H , Eqs. (50) and (51) imply
fkðÞ¼ 1ﬃﬃﬃﬃﬃ
2k
p eik

1 i
k

; gkðÞ¼
ﬃﬃﬃ
k
2
s
eik; (54)
so the semiclassicality condition is satisfied at late times.
This means the mode is in a squeezed state and this system
is asymptotically indistinguishable from the classical one.
Next, we consider the power law inflation and ekpyrotic
phase. From Table I, the field modes satisfy
€fkðÞ þ

k2  pð2p 1Þð1 pÞ2
1
2

fkðÞ ¼ 0;
€gkðÞ þ

k2  pð1 pÞ2
1
2

gkðÞ ¼ 0:
(55)
Plugging the boundary conditions (51), it is not difficult
to get
fkðÞ ¼ 12
ﬃﬃﬃﬃ

k
r
eið
2þ14Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃkp Hð1Þ
 ðkÞ;
gkðÞ ¼ 12
ﬃﬃﬃﬃﬃﬃ
k
p
eið
	
2þ14Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃkp Hð1Þ	 ðkÞ; (56)
where

 ¼








 1 3p2ð1 pÞ








; 	 ¼








 1þ p2ð1 pÞ








; (57)
and Hð1Þ
;	 are Hankel functions of the first kind. The semi-
classicality testing function (52) can then be expressed as
FðkÞ¼ ImðfkgkÞ
¼ Im


4
ei

2ð	
ÞðkÞHð1Þ	 ðkÞHð1Þ
 ðkÞ

: (58)
For power law inflation, p 1, we have 	 
 ¼ 2.
Together with the asymptotic form of Hankel function as
x! 0,
Hð1Þ
 ðxÞ ! 1
ð1þ 
Þ

x
2


  ið
Þ


x
2


; (59)
we can show that
jFðkÞj ! 
4
ðkÞ	
þ1  1; as k! 0: (60)
By the same token, we can examine this phenomenon
in ekpyrosis, where p 1. After some manipulation of
algebra, it is not difficult to get
FðkÞ ¼ 1
2
ð
Þð	Þ sin


2
ð	 
Þ

þOðkÞ; (61)
where 	 
 ¼ 2p1p  1. Therefore, the semiclassicality
condition is satisfied at late times in power law inflation but
not in ekpyrotic phase. In other words, this kind of quantum
to semiclassical transition would also occur during power
law inflation but not ekpyrosis. This result strengthens our
conclusion from previous sections.
VII. CONCLUSION
We have studied a simple model with two free scalar
fields interacting via a gradient coupling term in three
different background spacetimes: the usual inflation, the
power law inflation, and the ekpyrosis. We also calculate
the reduced density matrix and the corresponding coher-
ence length by summing over one of the fields in all three
cases.
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Our results are that if no interaction is present, the
coherence length approaches a constant value. Adding
even a small interaction will reduce it to zero in either
the usual inflation or power law inflation case. Since this
decoherence starts at the Hubble crossing, the quantum
fluctuations evaluated at k ¼ 1 give the classical initial
density perturbations which become the seeds of inhomo-
geneities of our Universe later on. However, this argument
does not work for ekpyrosis whose coherence length
never hits zero. This means the quantum coherence would
not disappear even when the modes leave the horizon.
Therefore, the heuristic argument that the quantum fluc-
tuation can become classical for superhorizon modes is not
valid for the ekpyrotic phase. The implication of our result
is that the power spectrum of cosmic microwave back-
ground fluctuations is not directly related to the ekpyrotic
phase. Even though at the end of ekpyrosis the scalar field
has a scale-invariant power spectrum, it is hard to say
anything about what we observe right now, since that
depends on the ‘‘classical’’ initial density perturbations.
This puts some doubts on the analyses of the cosmological
perturbations in the cyclic/ekpyrotic universe.
However, even though we show the decoherence would
not happen during ekpyrosis, it is still possible that the
prediction of observation remains unchanged [31]. We also
examine this possibility and find out that this kind of
quantum to semiclassical transition without decoherence
still cannot happen during the ekpyrotic phase. This
result strengthens our conclusion that the analyses of
the cosmological perturbations in the cyclic/ekpyrotic
universe require more inspection.
We derived our results using a very simple model. In
principle, if we would like to claim the decoherence phe-
nomenon cannot occur in ekpyrosis, we have to consider
all kinds of interactions between systems and environment
which is almost impossible to do. However, we believe the
basic physics should emerge from simple models. We can
easily generalize our analyses to a massive scalar field,
and the results wouldn’t change too much. We could also
consider different kinds of interactions, but we will leave
this to a future work.
Finally, we model the environment with a scalar field,
which is convincing but might be an oversimplified
assumption. The environment can also be taken to consist
of the short wavelength modes which are coupled to the
long wavelength modes via nonlinear couplings [21–27].
Hence, this might be another possible way to generate
decoherence during ekpyrosis.
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